Alzheimer's disease (AD) is the leading cause of dementia among elderly population. AD is characterized by the accumulation of betaamyloid (Aβ) peptides, which aggregate over time to form amyloid plaques in the brain. Reducing soluble Aβ levels and consequently amyloid plaques constitute an attractive therapeutic avenue to, at least, stabilize AD pathogenesis. The brain possesses several mechanisms involved in controlling cerebral Aβ levels, among which are the tissue-plasminogen activator (t-PA)/plasmin system and microglia. However, these mechanisms are impaired and ineffective in AD. Here we show that the systemic chronic administration of recombinant t-PA (Activase rt-PA) attenuates AD-related pathology in APPswe/PS1 transgenic mice by reducing cerebral Aβ levels and improving the cognitive function of treated mice. Interestingly, these effects do not appear to be mediated by rt-PA-induced plasmin and matrix metalloproteinases 2/9 activation. We observed that rt-PA essentially mediated a slight transient increase in the frequency of patrolling monocytes in the circulation and stimulated microglia in the brain to adopt a neuroprotective phenotype, both of which contribute to Aβ elimination. Our study unraveled a new role of rt-PA in maintaining the phagocytic capacity of microglia without exacerbating the inflammatory response and therefore might constitute an interesting approach to stimulate the key populations of cells involved in Aβ clearance from the brain.
INTRODUCTION
Amyloid deposits and neurofibrillary tangle formation are the core pathological hallmarks of Alzheimer's disease (AD; Selkoe, 2002) . Clinically, AD manifests with early mild memory deficits that evolve with time to reach severe cognitive impairment and consequently the loss of executive functions (De Souza et al, 2009) . Despite all efforts, no efficient treatment exists for AD. However, strategies targeting amyloid deposition seem promising.
The brain possesses several sophisticated mechanisms that tightly control beta-amyloid (Aβ) processing and clearance, such as transport across the blood-brain barrier (BBB) and degradation by microglia activity (Zlokovic, 2011; Rivest, 2009) . Activated microglia adopt diverse phenotypes ranging from a 'classical activation' (ie, pro-inflammatory) phenotype that exacerbates inflammation to an 'alternative activation' (ie, anti-inflammatory) phenotype that helps in tissue repair (Saijo and Glass, 2011; Heneka et al, 2013) . Although, resident microglia have been demonstrated to contribute to Aβ clearance (Rivest, 2009 ), this clearance is extremely slow and ineffective in the AD brain (Hickman et al, 2008) . Besides microglia, monocytes have important roles in AD (Michaud et al, 2013; Simard et al, 2006) . Monocytes are mononuclear phagocytic cells and, in rodents, are regrouped into two main subsets based on chemokine receptors and Ly6C expression level, the 'pro-inflammatory' subset (Ly6C high ), which is actively recruited to inflamed tissues and contributes in inflammatory responses, and the 'anti-inflammatory', or patrolling, subset (Ly6C low ), which patrols the lumen of blood vessel and promote tissue repair (Geissmann et al, 2003) . In parallel, our group has recently demonstrated that the patrolling monocyte subset contributes to cerebral Aβ clearance (Michaud et al, 2013) . Importantly, the expansion and the phagocytic capacity of monocytes decrease with age and in AD patients (Naert and Rivest, 2012) .
Tissue-plasminogen activator (t-PA) is a serine protease that converts plasminogen into plasmin, an enzyme involved in fibrin degradation, which has been reported to be also involved in Aβ microaggregate degradation (Melchor et al, 2003) . In parallel, t-PA has been proposed to act as an antiinflammatory cytokine, independently from its protease activity (Stringer, 2000) . Interestingly, similar to microglia spatial localization, t-PA expression and activity have been reported to localize around Aβ plaques in the brain of a mouse model of AD, suggesting its implication in Aβ processing (Melchor et al, 2003) . Unfortunately, over time, the t-PA/plasmin system gets inefficacious in degrading Aβ microaggregates (Melchor et al, 2003) . Importantly, the depletion of endogenous t-PA in Tg2576 mice has been reported to increase cerebral Aβ accumulation, and consequently worsening AD-related pathology in these mice, thus outlining the potential of this system as a therapeutic target for AD treatment (Oh et al, 2014) .
In the present study, we investigated the therapeutic potential of Activase, a recombinant t-PA (rt-PA) that is approved by the Food and Drug Administration for ischemic stroke treatment, in modulating AD pathology. For this purpose, we used 4-month-old APPswe/PS1 mice that were intravenously treated once a week with relatively low doses of Activase r-tPA (5 mg/kg/week for 10 weeks). Here we report that rt-PA significantly delayed the progression of AD pathology, which was mediated by its anti-inflammatory characteristics. More precisely, rt-PA reduced soluble Aβ levels and Aβ plaque number and load, resulting in improved cognitive function without affecting BBB function and integrity. Interestingly, rt-PA treatment stimulated microglial protective characteristics via low-density lipoprotein receptor-related protein 1 (LRP1), which resulted in enhancing the coverage of Aβ plaques by microglia, and increasing the internalization of Aβ microaggregates by these cells. Moreover, rt-PA specifically increased the subset of patrolling monocytes, which are involved in the clearance of vascular Aβ. Taken together, our study demonstrates that rt-PA may constitute a novel approach to treat AD by enhancing the reparative phenotype of microglia and monocytes.
MATERIALS AND METHODS
This section is described in detail in Supplementary Materials and Methods.
Animal Experiments
Experiments were performed according to the Canadian Council on Animal Care guidelines, as administered by the Laval University Animal Welfare Committee. Animal experiments and Activase r-tPA treatment regimen are detailed in Supplementary Material and Methods.
Generation of Chimeric Mice
APPswe/PS1 chimeric mice were generated by transplanting bone marrow-derived cells of GFP +/ − mice in myeloablated APPswe/PS mice, as described previously (Lampron et al, 2013) .
Aβ Plaques, Microglia Coverage and Aβ Internalization by Microglia Quantification
Aβ plaques were stained with an anti-human Aβ monoclonal antibody (6E10) and microglia were stained with an anti-Iba1 polyclonal antibody as described previously (Simard et al, 2006) . Aβ plaque number and load, microglia coverage, and Aβ internalization by microglia were assessed in the brain using a stereological apparatus as described (Boissonneault et al, 2009 ).
Human t-PA and Soluble Aβ 1-42 /Aβ 1-40 ELISA Brain levels of rt-PA were assessed by using the specific human t-PA Platinum ELISA kit (eBioscience Inc., San Diego, CA, USA). Brain levels of soluble Aβ 1-42 and Aβ 1-40 were quantified by using the Human Amyloid β42 and Human Amyloid β40 Brain ELISA kits (Millipore, Billerica, MA, USA). The experimental procedure for human t-PA, Aβ 1-42 , and Aβ 1-40 detection was performed according to the manufacturer's instructions.
Brain Microvessel Isolation
Brain capillaries were isolated on dextran gradient as described previously (ElAli and Hermann, 2010) , with slight modification. The quality of isolated microvessels was checked with a bright-field microscopy (Supplementary Figure 1a) .
Isolation and Analysis of Microglia by Flow Cytometry
Mice were killed as described previously. Brains were removed and homogenized in 1 ml ice-cold Dulbecco's PBS without calcium (Ca 2+ )/magnesium (Mg 2+ ). Homogenized brain samples were used to isolate microglia by using a modified Percoll gradient protocol.
Flow Cytometry
Flow cytometry analysis was used to determine the population of monocytes in the circulation. Facial vein blood was collected in EDTA-coated vials (Sarstedt, Newton, NC, USA). Flow cytometry analysis was performed as described (Lampron et al, 2013) .
Behavior Analysis
The T-water maze paradigm was used to assess the right-left discrimination learning of mice, in the weeks following the last injection (Filali and Lalonde, 2009 ).
In Vitro Experiments
The immortalized murine microglial cell line (BV2) was used to investigate the role of rt-PA in modulating microglia function in vitro. The experiments conducted with BV-2 cells are described in Supplementary Material and Methods.
Statistics
Results are expressed as mean ± standard error of the mean (SEM). For behavior analysis, results are expressed as median ± range. All statistical analyses were performed using GraphPad Prism Version 6 for Windows (GraphPad Software, San Diego, CA, USA).
RESULTS

Activase rt-PA Regimen does not Affect BBB Integrity and Function
It has been shown that rt-PA crosses the BBB without altering its function (Benchenane et al, 2005) . We first tested the effects of Activase rt-PA regimen on BBB physical integrity in APPswe/PS1 mice. rt-PA did not compromise BBB tightness after chronic weekly injections of 5 mg/kg of rt-PA for a period of 10 weeks, which was translated by the (ElAli and Hermann, 2012) and possibly involved in Aβ elimination across the BBB (Cirrito et al, 2005) . In parallel, rt-PA did not change LRP1 protein levels, a t-PA receptor that is also involved in the clearance of cerebral Aβ across the BBB (Benchenane et al, 2005; Deane et al, 2009; Supplementary Figure 3a and b) , and receptor for advanced glycation endproducts (RAGE) that is involved in peripheral Aβ entry into the brain via the BBB (Donahue et al, 2006; Supplementary Figure 3c and d) . Systemically administered rt-PA reached the brain in a dose-dependent manner 3 h after injection, which was 306 ± 30.46 pg/ml for a dose of 5 mg/kg, and 719.8 ± 38.61 pg/ml for a dose of 10 mg/ kg (positive control). These results clearly demonstrate that Activase rt-PA reached the brain without inducing the breakdown of the BBB, and did not change the expression levels of some key proteins involved in Aβ transport across the BBB. Data are means ± SEM (n = 12-14 animals per group for immunofluorescence staining, and 9-10 animals per group for ELISA). Three sections representing the rostral, middle, and caudal levels of the hippocampus and overlaying cortex per animal's brain were used for immunofluorescence staining. *po0.05, **po0.01, ***po0.001, ****po0.0001 compared with saline-treated group (standard two-tailed unpaired t-tests). Images were acquired with a × 4 objective. Scale bar = 100 μm.
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Activase rt-PA Slows the Progression of AD-Like Pathology and Behavioral Deficits in APPswe/PS1
It has been proposed that the endogenous t-PA system is involved in cerebral Aβ processing. Therefore, the impact of Activase rt-PA regimen on plaque number and load was investigated. Interestingly, rt-PA systemic administration significantly reduced Aβ plaque number and load in the cortex (t = 4.360, d.f. = 24, po0.001, and t = 3.643, d.f. = 24, po0.01, respectively; Figure 1a and c) and hippocampus (t = 3.309, d.f. = 24, po0.01, and t = 5.148, d.f. = 24, po0.0001, respectively; Figure 1b and d). Moreover, the toxicity of soluble Aβ in the brain of AD patients (Lue et al, 1999) and mouse models of AD (Cheng et al, 2007) has been clearly demonstrated. Interestingly, rt-PA significantly reduced soluble Aβ 1-42 levels (t = 2.115, d.f. = 17, po0.05; Figure 1e ) without affecting the levels of soluble Aβ 1-40 ( Figure 1f ). To investigate the physiological relevance of rt-PA-induced Aβ clearance on mouse cognition, we used a T-water maze behavioral paradigm that assesses the rightleft discrimination learning ( Figure 2 ). No intergroup difference was seen during the acquisition phase of the T-water maze behavioral analysis (Kruskal-Wallis = 0.78, p40.05). The three groups of mouse took a similar number of trials before reaching criterion performance ( Figure 2a ). However, during the reversal phase, the analysis of the trials to criterion revealed a significant effect (Kruskal-Wallis = 9.52, po0.01; Figure 2b ). Moreover, the Mann-Whitney multiples comparisons revealed that rt-PA-treated APPswe/ PS1 mice and wild-type mice have both lower trials to criterion than saline-treated APPswe/PS1 mice (po0.05 and po0.01, respectively; Figure 2b ). During the reversal phase, the three groups of mice did not exhibit any difference in swimming velocities (data not shown) indicating that motor function of tested mice was normal. Importantly, when animals were classified according to their cognitive performance (Figure 2c ), the number of mice exhibiting severe cognitive deficit (SD) was lower in rt-PA-treated APPswe/ PS1 mice and wild-type mice compared with saline-treated APPswe/PS1 mice (χ 2 test, po0.05; Figure 2c ). In addition, the number of mice exhibiting no deficit (ND) was higher in rt-PA-treated APPswe/PS1 mice and wild-type mice compared with saline-treated APPswe/PS1 mice (χ 2 test, po0.05; Figure 2c ). These results reveal that rt-PA-treated APPswe/ PS1 and wild-type mice were largely similar in performance and exhibiting similar right-left discrimination learning profiles.
rt-PA-Dependent Plasmin and Matrix Metalloproteinase 2/9 (MMP2/9) Activation does not Contribute to Aβ Clearance
To shed light on the mechanisms that might be involved in the protective effects of rt-PA, we first investigated the implication of rt-PA in converting plasminogen into plasmin, an enzyme involved in Aβ degradation (Melchor et al, 2003) . Moreover, t-PA can activate MMP2/9 (Adibhatla and Hatcher, 2008) , two enzymes involved in vascular remodeling (Zhao et al, 2006) and Aβ degradation (Yan et al, 2006; Hernandez-Guillamon et al, 2010) . The low dose Activase rt-PA regimen used in this study did not modulate the basal enzymatic activity of both plasmin (Supplementary Figure 2 Activase rt-PA administration improves APPswe/PS1 mouse cognitive functions. T-water maze behavioral test was used to examine spatial learning and memory (a and b) and to classify the cognitive performance of mice as a function of treatment (c). Activase rt-PA treatment (a) does not change the number of trials to reach criterion in the acquisition phase of the test, but (b) significantly enhances the cognitive functions of APPswe/PS1 mice as shown by their lower number of trials to reach the criterion in the reversal phase of the test. In addition, (c) rt-PA-treated APPswe/PS1 mice and wild-type (WT) mice exhibit similar cognitive deficit, which was less severe compared with saline-treated APPswe/PS1 mice. Data are median ± range (n = 13-16 animals per group). Each point represents an animal and the horizontal bars are the mean for each group. ND, no cognitive deficit; MD, mild cognitive deficit; SD, severe cognitive deficit. (a and b) *po0.05/**po0.01 compared with saline-treated group (Mann-Whitney U-test); (c) *po0.05 compared with saline-treated group (χ 2 two-sided test).
rt-PA effects on behavior and neuroinflammation A ElAli et al Figure 3 Chronic Activase rt-PA administration increases the number of resident microglia-associated to Aβ plaques and reduces the activation of stressinduced pathways. Immunofluorescence staining (a-c) and western blot (d and e) analyses examining microglia association to Aβ plaques, Aβ internalization by microglia, and the activation of stress-related kinases in the brain of APPswe/PS1 mice, 10 weeks after chronic systemic Activase rt-PA administration. Triple 6E10/ Iba1/DAPI immunofluorescence staining shows (a and b) an increased number of microglia (Iba1; green/DAPI; blue) surrounding Aβ plaques (6E10; red) and (a and c) an increased number of Aβ-immunoreactive resident microglia (microglia internalizing Aβ). Moreover, Activase rt-PA treatment (d) decreases the phosphorylation levels of SAPK/JNK (e) without affecting the phosphorylation levels of p38 MAPK. Optical densities were corrected with β-actin levels. Data are means ± SEM (n = 4-6 animals per group). Four sections representing the rostral, middle, and caudal levels of the hippocampus and overlaying cortex per animal's brain were used for immunofluorescence staining. *po0.05, **po0.01 compared with saline-treated group (standard two-tailed unpaired t-tests). Laser scan confocal images were acquired with a × 60 objective. Arrows indicate internalized Aβ microaggregates. Scale bar = 10 μm.
rt-PA effects on behavior and neuroinflammation A ElAli et al Figure 4a ) and MMP2/9 (Supplementary Figure 4c) in the brain and the microvasculature of APPswe/PS1-treated mice.
To verify whether these unexpected results were due to the chronic systemic rt-PA administration in APPswe/PS1 mice and/or the presence of Aβ in the brain of these mice, we tested the effect of an acute bolus of rt-PA in wild-type mice. Similarly, the single systemic administration of rt-PA did not modulate the basal enzymatic activities of both plasmin (Supplementary Figure 4b) and MMP2/9 (Supplementary Figure 4d) in the brain and the microvasculature of wild-type mice. These results indicate that the mechanism underlying rt-PA-induced cerebral Aβ reduction and cognitive enhancement are probably independent of the rt-PA-induced plasmin/ MMP2/9 activation.
Activase rt-PA Modulates Monocyte Population Phenotypes in a Transient Manner
We next investigated the anti-inflammatory effects of rt-PA by analyzing its possible role in modulating monocyte populations. The chronic administration of rt-PA did not alter total monocyte frequency in the blood of APPswe/PS1 mice 24 h following last injection (Supplementary Figure 5a) , but it induced a shift in monocyte phenotypes by reducing the frequency of Ly6C high inflammatory subset (t = 2.785, d.f. = 18, po0.05; Supplementary Figure 5b and c) and by slightly increasing that of Ly6C low patrolling subset (t = 2.041, d.f. = 18, p = 0.0562; Supplementary Figure 5b and d) . However, the acute administration of rt-PA significantly increased total monocyte frequency in APPswe/PS1 mice, 3 h following injection (t = 2.397, d.f. = 13, po0.05), without altering the distribution of monocyte subpopulation (Supplementary Figure 6) . To clearly address the direct effect of rt-PA on the population of monocytes in an Aβ-free context, which has been shown to influence monocyte responses (Naert and Rivest, 2012) , we used wild-type mice that were injected with rt-PA (Supplementary Figure 7) . The injection of rt-PA did not modulated the total monocyte and 
The Effects of Activase rt-PA on Resident Microglia
Endogenous t-PA has been shown to modulate microglia activity in vivo (Rogove et al, 1999) . Therefore, we next investigated the effects of rt-PA administration on microglia behavior in the brain of APPswe/PS1. Chronic rt-PA systemic administration increased the number of resident microglia surrounding Aβ plaques (t = 2.998, d.f. = 6, po0.05; Figure 3a and b) as well as the number of Aβ-immunoreactive resident microglia surrounding Aβ plaques (t = 2.544, d.f. = 10, po0.05; Figure 3a and c), which translates Aβ internalization (ie, phagocytosis) in vivo by these cells. Interestingly, this phenomenon was associated with a significant global decrease in the activation (ie, phosphorylation) of the stress kinases SAPK/JNK (t = 3.771, d.f. = 8, po0.01; Figure 3d ), without affecting p38 MAPK activation (ie, phosphorylation; Figure 3e ). Moreover, the enhanced microglial coverage of Aβ plaques was not due to an increased infiltration rate of circulating monocytes and their subsequent differentiation into mature microglia, as we did not detect any CD45 high (blood-derived leukocytes)/Iba1 (differentiated microglia) double-positive staining (ie, bloodderived macrophages) within the cells surrounding Aβ plaques (Supplementary Figure 8a) . In addition, we did not detect any changes in the frequency of CD11b high /CD45 high (blood-derived macrophages) in the brain of APPswe/PS1 mice 3 and 24 h following a single rt-PA administration (Supplementary Figure 8b) . Finally, these results were confirmed when we did not detect any GFP-positive cells in the brain of chimeric APPswe/PS1 mice treated with rt-PA (Supplementary Figure 8c) . Moreover, chronic rt-PA administration did not alter the NF-κB signaling pathway activity that is involved in microglial pro-inflammatory activation, which was unraveled by the unchanged gene transcript expression levels of IκBα (Laflamme et al, 1999; Supplementary Figure 9) . These data suggest that rt-PA might modulate resident microglia activity by enhancing their mobilization toward Aβ plaques and by decreasing the stress associated to inflammation, thus probably increasing their capacity to internalize Aβ present in their surrounding microenvironment.
Activase rt-PA Enhances Microglial Mobility and Acts as a Chemoattractant Molecule in a LRP1-Dependent Manner
To fully address and decipher the effect of Activase rt-PA on microglia, we performed a series of experiments using microglial BV2 cell line. The strategy consisted on comparing BV2 cell stimulation with rt-PA along with two other molecules that are lipopolysaccharide (LPS) and interleukin 4 (IL-4), known to trigger the activation of these cells toward a pro-inflammatory phenotype (LPS) or anti-inflammatory one (IL-4). rt-PA (0.1 nM) and IL-4 (5 ng/ml) exposure enhanced microglial cell mobility in a similar manner (t = 13.94, d.f. = 6, po0.0001, and t = 14.69, d.f. = 6, po0.0001, respectively; Figure 4a ), whereas they failed to modulate MMP2/9 activity ( Figure 4b ) and LRP1 expression, a receptor for t-PA (Figure 4c ). However, rt-PA-induced microglial cell mobility was LRP1 dependent, because LRP1 inhibition by RAP essentially abolished rt-PA-induced cell mobility (t = 5.097, d.f. = 4, po0.01; Figure 4d ). We then verified the possible role of rt-PA as a chemoattractant molecule that triggers microglial cell mobility and migration using a two chambers Transwell experimental setting ( Figure 4e ) and found that rt-PA acted as a chemoattractant molecule that mobilized microglial cells to the lower chamber that contains the molecule (t = 2.651, d.f. = 6, po0.05; Figure 4f ). This role was mediated by microglial LRP1, as its inhibition by recombinant RAP prevented these effects (Figure 4f ). Taken together, these results underlie a key chemoattractant role of rt-PA on microglial cells via LRP1.
Activase rt-PA Dampers Intracellular Stress in Microglia
The effects of Activase r-tPA on the regulation of SAPK/JNK and p38 MAPK signaling pathways were investigated in BV2
rt-PA effects on behavior and neuroinflammation A ElAli et al microglial cells. In contrast to LPS (2 μg/ml), IL-4 and rt-PA failed to induce SAPK/JNK phosphorylation (Figure 5a ), but they slightly increased p38 MAPK phosphorylation (t = 3.270, d.f. = 4, po0.05; Figure 5b ). These effects of rt-PA were in contrast with the effect of LPS that causes a robust p38 MAPK signaling induction, suggesting that rt-PA does not trigger a pro-inflammatory phenotype in BV2 microglial cells.
The Effects of Activase rt-PA on the Phagocytic Capacity and Oxidative Stress Cascade in Microglia
Nitrite production and release by activated microglia are involved in microglial-derived oxidative stress (Kaushaland and Schlichter, 2008) . Interestingly, rt-PA and LPS potently enhanced microglial cell phagocytic capacity 1 h after stimulation (t = 5.037, d.f. = 4, po0.01, and t = 6.374, d.f. = 4, Figure 4 Activase rt-PA modulates microglia function in vitro. Cell migration assay (a and d), gelatinase activity assay (b), western blot (c) and chemotaxis assay (e and f) analyses examining the behavior of BV2 microglial cells after stimulation with Activase rt-PA (0,1 nM), LPS (2 μg/ml), IL-4 (5 ng/ml), and RAP (200 nM). Cell migration assay shows (a) an enhanced migration of microglial cells 24 h after stimulation with rt-PA or IL-4 compared with control or LPS exposure. Gelatin activity assay shows that (b) Activase rt-PA does not induce MMP2/9 activation in any conditions. Western blot analysis confirms (c) the unchanged expression levels of LRP1. Cell migration assay (d) shows that rt-PA-induced mobility is LRP1 dependent, as LRP1 inhibition with RAP, decreases cell migration. The two-chamber chemotaxis assay (e) provided evidence that rt-PA induces microglial mobilization toward a gradient of rt-PA present in the lower chamber. Microglia cells (f) are mobilized by Activase rt-PA in a LPR1-dependent manner 3 h after stimulation. Optical densities were corrected with β-actin levels. Data are means ± SEM (n = 3-4 independent experiments). *po0.05, **po0.01, ****po0.0001 compared with control group (standard twotailed unpaired t-tests). Dark spheres represent BV2 cells. The descending arrow illustrates cell mobilization from the upper chamber toward the lower chamber. Scale bar = 250 μm.
rt-PA effects on behavior and neuroinflammation A ElAli et al po0.01, respectively; Figure 5c ). However, in contrast to LPS stimulation (t = 28.29, d.f. = 4, po0.0001), rt-PA stimulation did not trigger nitrite production and release by activated microglial cells (Figure 5d ). Oligomeric HiLyte Fluor 488-labeled human Aβ 42 internalization was confirmed by confocal microscopy following rt-PA stimulation (Supplementary Figure 10) . These results suggest that rt-PA was able to enhance and preserve microglial cell phagocytic capacity without triggering microglial-derived harmful oxidative stress.
The Effects of Activase rt-PA on the Mobility and the Phagocytic Capacity of Microglia are Independent of its Proteolytic Activity
To verify whether the observed effects of rt-PA are not associated to its enzymatic activity, we stimulated BV2 microglial cells with a full-length mutated form of rt-PA that is deprived of any enzymatic activity, rt-PA (S478A), in which alanine has been substituted for the active-site serine. Interestingly, rt-PA (S478A) still potently enhanced cell mobility (t = 3.806, d.f. = 8, po0.01; Figure 5e ) and phagocytic capacity (t = 2.731, d.f. = 8, po0.01; Figure 5f ) of BV2 cells. These results suggest that rt-PA acted essentially as a cytokine/chemoattractant molecule that modulated microglial cell activity, which did not require its proteolytic activity.
DISCUSSION
This study unravels a novel role of Activase rt-PA in counteracting the progression of AD-like pathology in APPswe/PS1 mice. These effects include Aβ clearance together with a slight increase in the frequency of patrolling monocytes and a preserved phagocytic capacity of resident microglia. It is noteworthy to mention that the Activase rt-PA regimen used in this study did not induce BBB breakdown, which was evaluated by albumin and IgG extravasation and the expression of the tight junction proteins Occludin and Claudin 5. Moreover, Activase rt-PA regimen did not alter BBB function, which was evaluated by the expression of several transporters and receptors involved in Aβ transport, such as ABCB1 (ElAli et al, 2013; Cirrito et al, 2005) , LRP1 (Deane et al, 2009) , and RAGE (Donahue et al, 2006 ). This study also shows that the chronic systemic administration of Activase rt-PA decreased Aβ plaque number and load, and the levels of soluble Aβ 1-42 in the brain of APPswe/PS1. This specific reduction of Aβ 1-42 is in Figure 5 Activase rt-PA decreases microglial intracellular stress and preserves their phagocytic capacity independently of its proteolytic activity in vitro.
Western blot (a and b), phagocytosis assay (c and f), Griess assay (d), cell migration assay (e) analyses examining BV2 microglial cell intracellular stress responses, mobilization, and phagocytic capacity after stimulation with Activase rt-PA (0.1 nM), the mutated form of rt-PA (S478A; 0.1 nM), LPS (1 μg/ml), and IL-4 (5 ng/ml). Western blot analysis shows that (a) rt-PA and IL-4 do not increase the phosphorylation of SAPK/JNK, which was strongly increased in the presence of LPS. The endotoxin also caused higher phosphorylation levels (b) of p38 MAPK than rt-PA and IL-4, whereas the phagocytic capacity of microglial cells (c) remained similar between rt-PA and LPS. This response to LPS was associated with nitrite production and release by microglial cells, which was absent (d) in the presence of rt-PA. Cell migration assay shows (e) an enhanced migration of microglial cells 24 h after stimulation with the mutated form of rt-PA that is deprived of any enzymatic activity rt-PA (S478A). Finally, the phagocytosis assay (e) shows that rt-PA (S478A) still enhances phagocytic capacity of microglial cells. Data are means ± SEM (n = 3-5 independent experiments). *po0.05, **po0.01, ****po0.0001 compared with control group (standard two-tailed unpaired t-tests).
rt-PA effects on behavior and neuroinflammation A ElAli et al line with a recent study, which reported that the specific modulation of microglial cell phagocytic capacity has more profound effects on Aβ 1-42 levels compared with Aβ 1-40 (Griciuc et al, 2013) . Such differential reduction might be reflected by the fact that Aβ plaques contain higher levels of Aβ 1-42 (Kowa et al, 2012) . Importantly, the right-left discrimination learning in the T-water maze of rt-PA-treated APPswe/PS1 mice was significantly improved, which has been shown to be impaired in AD (Middei et al, 2004; Rouleau et al, 1992) . The t-PA/plasmin system has been shown to be involved in Aβ degradation either directly through the enzymatic activity of plasmin (Melchor et al, 2003) or indirectly through the enzymatic activity of t-PA-induced MMP2/9 activation (Yan et al, 2006; Hernandez-Guillamon et al, 2010) . However, the low doses of Activase rt-PA used in this study did not significantly induce the activation of plasmin and MMP2/9. Our study indicates that the effects of rt-PA on cerebral Aβ load and memory seem to be independent of plasmin/MMP2/9 activation.
The relevance of t-PA system in AD has been outlined in some studies, suggesting it as a potential therapeutic target (Melchor et al, 2003; Oh et al, 2014) . However, all these experimental studies have investigated endogenous t-PA with a focus of its well-characterized proteolytic function. In our study, the effects of Activase rt-PA do not appear to be mediated via plasmin/MMP2/9 activation. Therefore, it is conceivable to propose that cerebral Aβ reduction following systemic rt-PA administration is rather due to a dynamic and synergistic interaction between blood circulation and the brain. Importantly, t-PA has been shown to act as an antiinflammatory cytokine, independently from its proteolytic activity (Stringer, 2000) . Therefore, Activase rt-PA effects on circulating monocytes were first investigated. Consistent with its anti-inflammatory characteristics, rt-PA transiently decreased the frequency of pro-inflammatory monocyte subset and induced a slight increase in the frequency of patrolling monocyte subset in blood circulation. Interestingly, our group has demonstrated, by using a novel twophoton intravital imaging approach in the brain of live APPswe/PS1 mice, that the patrolling monocyte subset actively contributes in clearing Aβ microaggregate from brain vasculature, and their depletion increased the overall load of cerebral Aβ and worsened the cognitive function of these mice (Michaud et al, 2013) . Taken together, these results suggest that the increased frequency of the patrolling monocyte subset, although modestly and transiently, partly contribute in rt-PA-induced Aβ clearance from the brain.
Although the role of neuronal and microglial-derived endogenous t-PA in modulating microglial cell function in different contexts has been described (Rogove et al, 1999; Siao et al, 2003) , little is known about the role of exogenously administered rt-PA, which rather imitates vascular-derived t-PA production, on resident microglial cells in AD. Therefore, the effects of Activase rt-PA on brain resident microglia were also investigated. Activase rt-PA chronic administration significantly increased the number of resident microglia covering Aβ plaques, which translates an enhanced mobility and mobilization of these cells toward Aβ aggregates. Interestingly, this increased coverage was accompanied by an enhanced internalization of Aβ microaggregate into microglia, thus suggesting an enhance clearance of Aβ by these cells. In parallel, Activase rt-PA chronic administration significantly decreased the phosphorylation levels of SAPK/ JNK in the brain of treated mice. SAPK/JNK is activated by a variety of environmental stresses, including Aβ (Tare et al, 2011) . As such, these results outline a global reduction in the environmental stresses in the brain of APPswe/PS1 mice following rt-PA treatment. In parallel, NF-κB signaling pathway has been shown to mediate the pro-inflammatory actions of microglia (O'Neill and Kaltschmidt, 1997) . Importantly, Activase rt-PA did not modulate IκBα gene transcript expression, which is an adaptor protein involved in controlling NF-κB signaling pathway, and widely used as an indicator of NF-κB activity (Laflamme et al, 1999) . These results indicate that Activase rt-PA chronic systemic administration modulated resident microglia function, resulting in an enhanced clearance of Aβ, which was accompanied by a reduction in the stress signals in the brain.
The molecular mechanisms involved in Activase rt-PA effects on microglial cells were next investigated in vitro by using the BV2 microglial cell line, a valid substitute for primary microglial cell culture (Henn et al, 2009) . Activase rt-PA stimulation enhanced microglial cell mobility and invasion in a similar manner as IL-4 but in contrast to LPS. This effect was dependent on the interaction between rt-PA and its receptor expressed on microglial cells, LRP1, as the inhibition of the latter with LRP1 inhibitor, RAP, essentially abolished the effects of rt-PA. Moreover, this invasion did not depend on the enzymatic activity of MMP2/9. The diffuse nature of endogenous t-PA and exogenously administered rt-PA within the brain parenchyma (Siao et al, 2003) , prompted us to test its chemoattractant properties in vitro. Indeed, by using the two chambers Transwell experiment, we showed that Activase rt-PA triggered microglia cell mobilization into the chamber containing the molecule, which was LRP1-dependent, as microglial cell incubation in the upper chamber with RAP totally abolished the chemoattractant characteristics of rt-PA. In parallel, microglial cell stimulation with rt-PA and IL-4 did not induce SAPK/JNK phosphorylation, a kinase involved in mediating the pro-inflammatory actions of microglia (Waetzig et al, 2005) , whereas LPS potently induced it. Moreover, rt-PA and IL-4 slightly increased p38 MAPK phosphorylation, another kinase that is associated to microglial stress (Kakimura et al, 2002) , whereas LPS induced a robust increase in p38 MAPK phosphorylation. Importantly, Activase rt-PA stimulation enhanced and preserved the phagocytic capacity of microglial cells, without mediating nitrite production that is involved in microglial-derived harmful oxidative stress (Kaushal and Schlichter, 2008) . For instance, it has been shown that the pronounced production of nitrites by activated microglial cells exacerbates the pro-inflammatory microenvironment that occurs in AD, thus contributing to the decreased efficiency of resident microglia to clear Aβ (Heneka et al, 2013; Jantzen et al, 2002) . As such, these results clearly demonstrate that rt-PA enhanced the phagocytic capacity of microglia without generating nitrite production.
Taken all together, our study provides new insights into a proteolytic-independent mechanism via which rt-PA stimulates the reparative function of microglia, thus enhancing cerebral Aβ clearance and consequently ameliorating the cognitive function of treated mice. Although our study suggests that Activase rt-PA might constitute a potential treatment for AD, the possible detrimental effects of this drug should be taken into consideration. As such, it would be interesting in the future to test the effect of similar molecules that have less detrimental effects, such as Desmoteplase, or to develop specific LRP1 agonists. Strategies aiming at modulating monocyte and microglia function are discussed in Supplementary Conclusion. 
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